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  Stomata are epidermal pores on land plants that exchange gases to maintain water 
potential and photosynthesis. Two guard cells flank each pore and change the aperture 
based on turgor pressure-induced changes in their shape. Stomatal aperture and density are 
affected by environmental stimuli such as light quality and quantity, CO2 concentrations, 
and water availability. The basic helix-loop-helix (bHLH) transcription factor MUTE 
drives the differentiation of transient epidermal stem cells, called meristemoids, to guard 
mother cells, which divide to form a mature stoma. MUTE is only transcriptionally active 
in late-stage meristemoids, but the mechanisms controlling its expression are unknown. 
The purpose of this study was to determine the region of the MUTE promoter is required 
for transcription then identify proteins that interact with that region. Promoter deletion 
studies found a 57 bp fragment required for promoter activity. Mass spectrometry 
identified 295 proteins that bound the 57 bp fragment in vitro and five were chosen for 
phenotypic analysis of their null mutants. One of the chosen mutants, los2, T-DNA-
insertion mutagenized plants showed a sterile, dwarfed phenotype and had clusters of 2-3 
stomata. These results shed insight into nature of MUTE regulation and allow for more 
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Stomata are microscopic epidermal pores surrounded by two specialized cells, 
called guard cells. These structures play two important physiological roles in plants: 
acquisition of CO2, a crucial raw material for photosynthesis, through diffusion; and 
evaporative cooling through transpiration. Stomata allow mesophyll cells to access 
atmospheric gases in the substomatal space. Guard cells respond to multiple external cues 
to control pore aperture (Jones and Mansfield, 1970; Levchenko et al., 2005; Sharkey and 
Raschke, 1981). For example, water-deficit stress causes stomatal pores to close, which 
limits water loss and reduces CO2 acquisition and photosynthetic rate. Opening and 
closing of a stomatal pore is regulated by turgor pressure-induced changes in guard cell 




, between neighboring cells 
(Tallman, 1992). Due to the essential role of neighboring cells in regulating stomatal 
aperture, stomata do not form next to one another (Sachs, 1991). The rapid change in pore 
aperture in response to environmental conditions is a short-term solution to transient stress 
conditions. To confer a more stable solution to extended water stress, stomatal abundance 
is altered in the new and developing foliage (Salisbury, 1927; Ticha, 1982; Woodward, 
1987, Barbieri et al., 2012). For instance, stress conditions that are sensed by mature 
leaves can alter the density of stomata in newly formed leaves (Coupe et al., 2006). 
Genetic Basis of Stomatal Development 
Based on the regulatory networks that control their production, stomatal 
development has proven to be an excellent genetic system to investigate cell-type 
differentiation, cell-cell signaling, and cell patterning. Many genes that control the 
development and density of stomata have been identified (Pillitteri, 2007; Hara et al., 
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2007; Shpak et al., 2005, MacAlister et al., 2007). The most extensive research 
investigating the genes involved in stomatal development has been done in the eudicot 
model system, Arabidopsis thaliana. However, orthologs have been identified in the 
monocot species rice (Oryza sativa) and corn (Zea mays) suggesting that the genes 
involved in this process are conserved.  
Arabidopsis thaliana has been used as a model organism since the early the 1980's 
due to its small stature, high fecundity, genetic variation between common ecotypes, and 
diploid genome. In addition, Arabidopsis has a relatively small genome, 134 megabase-
pairs, and readily accepts transgenes through agrobacterium-mediated transformation 
(Arabidopsis Genome Initiative, 2000).  
In Arabidopsis, stomatal development begins with a population of protodermal 
cells that enter the stomatal lineage and become meristemoid mother cells (MMC) (Fig. 
1A). An MMC executes an asymmetric “entry” division. The larger daughter cell becomes 
a stomatal lineage ground cell (SLGC), which can differentiate into a jigsaw puzzle -
shaped pavement cell or reenter the stomatal lineage as an MMC. The smaller daughter 
cell is called a meristemoid. Meristemoids can undergo several asymmetric “amplifying” 
divisions, which regenerate the meristemoid and produce additional SLGCs. Eventually, 
the meristemoid differentiates into a guard mother cell (GMC). GMCs divide 
symmetrically to produce two, kidney-shaped guard cells (GC), forming a mature stoma 
(Galatis and Mitrakos, 1979; Geisler et al., 2000).  
Five basic helix-loop-helix (bHLH) transcription factors, SPEECHLESS (SPCH), 
MUTE, FAMA, SCREAM1(SCRM1)/ICE1, and SCRM2 act as regulators of cellular 
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differentiation throughout the stomatal lineage (MacAlister et al., 2007; Pillitteri et al., 
2007; Ohashi-Ito and Bergmann, 2006; Kanaoka et al., 2008). bHLH proteins are highly 
conserved in eukaryotes and are well-known for their role in myogenesis in animals 
(Molkentin and Olson, 1996; Murre et al., 1989). In plants, bHLH proteins are implicated 
in many developmental processes in addition to stomatal development, such as fruit 
development (Heisler et al., 2001), light responsiveness (Leivar et al., 2008), and root 
development (Menand et al., 2007). The Arabidopsis genome encodes about 140 bHLH 
proteins, accounting for 10% of its transcription factors (Toledo-Ortiz, 2003; Pires and 
Dolan, 2009). bHLH proteins are named for a conserved stretch of ~60 amino acids 
containing a ~15-residue region enriched with basic amino acids followed by two alpha 
helices connected by an unstructured loop. The basic region binds DNA in a sequence-
specific manner and the HLH domain forms homo- and heterodimers with other bHLH 
proteins (Murre et al., 1989; Ferre-D’Amare et al., 1994; Winston and Gottesfeld, 2000). 
The common consensus sequence for bHLH protein binding is called an E-Box, 
CANNTG (Murre et al., 1989). 
SPCH functions first in the pathway leading to mature stomata. SPCH is necessary 
forthe initial asymmetric division that produces a meristemoid (Fig. 1A and B) and the 
epidermis of a null spch-1 mutant lacks any entry divisions resulting in a pavement cell-
only phenotype (MacAlister et al., 2007).  SPCH is expressed uniformly in the protoderm, 
but is later restricted only to MMCs. Overexpression of SPCH generates an epidermis 
with stomata and many small cells which express the stomatal lineage marker 
PROTMM::TMM-GFP (Pillitteri et al., 2007, Nadeau and Sack, 2002), indicating that 
 
4 
SPCH is both required and sufficient to initiate the stomatal lineage. Investigation of a 
weak spch-2 mutant suggests that SPCH also functions later in stomatal development 
(MacAlister et al., 2007). A spch-2 mutant produces significantly less stomata compared 
to wild type and undergoes fewer amplifying divisions of the meristemoid (MacAlister et 
al., 2007).  
Once a meristemoid is produced through the action of SPCH, it can undergo 
several asymmetric divisions, renewing itself each time. MUTE expression is required for 
the eventual transition of a meristemoid to a GMC (Fig. 1A; Pillitteri, 2007). Plants 
homozygous for the null mute-1 allele do not make stomata, but have meristemoids that 
undergo excessive asymmetric divisions, and never form a GMC (Fig. 1B). Consistent 
with the mute-1 phenotype, MUTE promoter activity is active in all meristemoids, but is 
restricted only to a subset of meristemoids that will differentiate (Pillitteri, 2007). Ectopic 
overexpression of MUTE using the constitutively active Cauliflower Mosaic Virus 
(CaMV) 35S promoter creates an epidermis comprised entirely of stomata (Pillitteri et al., 
2007). Ectopic MUTE activity can promote the production of stomata even in organs that 
do not normally produce them, such as petals (Pillitteri et al., 2008), however, these 
stomata are always restricted to the epidermis. These data indicate that MUTE is sufficient 
to drive the production of stomata even in the absence of SPCH expression and initial 
entry divisions.  
FAMA has two distinct functions during the later stages of stomatal development; 
restricting the number of divisions of the GMC and promoting the differentiation of a 
GMC to GCs (Fig. 1A). Mature, guard cells do not form in fama-1 mutants; instead, the 
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GMC divides several times, creating caterpillar-like structures that do not have any of the 
hallmark molecular or structural features of guard cells (Fig. 1B; Ohashi-Ito and 
Bergmann, 2006; Nadeau and Sack 2002; Boudolf et al., 2004) (Fig. 1).  FAMA is 
expressed only in late GMCs and in guard cells (Ohashi-Ito and Bergmann, 2006). 
Consistently, constitutive overexpression of FAMA converts all epidermal cells to 
unpaired guard cells, which express stomatal markers and occasionally form pores 
(Ohashi-Ito and Bergmann, 2006). Taken together, these results show the unique roles of 
each bHLH gene in stomatal development. Despite their similarity, SPCH, MUTE, FAMA 
do not share redundant roles and cannot functionally complement each other. The 
functional diversity is likely due to the unique features of each gene (MacAlister et al., 
2007). 
SCRM/ICE1 and SCRM2 function at all steps of stomatal development. These two 
genes are paralogs and contain similar domains relative to each other, but belong to a 
different subset of bHLH proteins than SPCH, MUTE, and FAMA (Pires and Dolan, 
2009). SCRM was originally identified as a gene involved in cold tolerance in Arabidopsis 
(Chinnusamy et al., 2003). A dominant mutation in the SCRM gene, scrm-D, causes 
excess entry into the stomatal lineage resulting in an epidermis comprised solely of 
stomata, similar to the MUTE overexpression phenotype (Kanaoka et al., 2008; Pillitteri et 
al., 2007). Based on the results of yeast two-hybrid and bimolecular fluorescent 
complementation (BiFC) assays, it is proposed that the SCRM and SCRM2 proteins 
heterodimerize with SPCH, MUTE, and FAMA to promote the transition and 
differentiation  events through the stomatal lineage (Kanaoka et al., 2008). Mutant 
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analysis determined that SCRM and SCRM2 are functionally redundant  Consistent with 
their role in binding SPCH to promote entry divisions, a scrm scrm-2 double mutant 
produces a pavement cell-only phenotype, similar to a spch-1 mutant (Kanoaka et al., 
2008). 
The sequence of bHLH proteins is variable outside the bHLH domain, but 
members with similar features can be grouped into subfamilies (Pires and Dolan, 2009). 
SPCH, MUTE, and FAMA belong to the Ia subfamily. In addition to the bHLH domain, 
these three proteins share a conserved C-terminal sequence coined the SMF 
(SPEECHLESS, MUTE, FAMA) domain (MacAlister and Bergmann, 2011). Despite 
similarities, they cannot functionally substitute for one another (MacAlister et al., 2007). 
This functional divergence may be due to specific features unique to each paralog. For 
instance, SPCH contains a Mitogen-Activated Protein Kinase Target Domain (MPKTD), 
which is phosphorylated by mitogen-activated protein kinase (MPK3/6) in vitro (Lampard 
et al., 2008). Neither MUTE nor FAMA have a similar domain. Removal of the MPKTD 
domain from SPCH results in clusters of stomata, a similar phenotype to MUTE 
overexpression, suggesting that the MPKTD is one feature that distinguishes SPCH and 
MUTE (Lampard et al., 2008). MUTE is unique among subfamily Ia in that it lacks any 
sequence preceding the bHLH domain.  Removal of the N-terminal region preceding the 
bHLH domain in FAMA also produces clustered stomata, similar to MUTE 
overexpression (Ohashi-Ito and Bergmann, 2006).  
 SCRM and SCRM2 belong to the IIIb subfamily. Both proteins contain a novel 
KRAAM domain (Kanaoka et al., 2008). Mutations that disrupt the KRAAM domain of 
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SCRM or SCRM2 cause the excess production of entry division resulting higher density 
and clustered stomata. A combination of a scrm-D mutation with a spch, mute, or fama 
mutation produces an additive phenotype (Kanaoka et al., 2008). The epidermis of mute 
has normal pavement cells and excessively amplified meristemoids, but no stomata,  
whereas the epidermis of mute scrm-D plants contain almost exclusively meristemoids. 
This happens because scrm-D causes more protodermal cells to enter the stomatal lineage, 
but without MUTE function; all of the cells arrest at the meristemoid stage (Kanaoka et 
al., 2008). Aside from the excessive division of GMCs, the epidermis of fama is similar to 
wild type. Again, the number of GMCs increase in number in a fama scrm-D double 
mutant at the expense of pavement cell production (Kanaoka et al., 2008).  
 Although the majority of research on these genes have been conducted in 
Arabidopsis, SPCH, MUTE, and FAMA have partially conserved roles in other diverse 
species. The sequences of these three proteins are highly conserved in angiosperms; and in 
the gymnosperm, Picea glaua, SPCH, MUTE, and FAMA retain the protein domain 
organization of their Arabidopsis counterparts (MacAlister and Bergmann, 2011). The 
monocots rice, Oryza sativa, and maize, Zea mays, have two copies of SPCH, neither of 
which can rescue the spch-1 phenotype in Arabidopsis, indicating that SPCH function has 
diverged between monocots and eudicots (Liu et al., 2009). Overexpression of OsSPCH1 
in Arabidopsis increased the number of epidermal cells, consistent with AtSPCH 
overexpression (Liu et al., 2009). ZmMUTE overexpression in Arabidopsis created an 
epidermis of stomata and meristemoids, similar to MUTE overexpression, and 
overexpression of OsFAMA in Arabidopsis created unpaired guard cells (Liu et al., 2009). 
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Additionally, OsFAMA, and to a lesser extent, OsMUTE, are able to rescue their mutant 
phenotypes in Arabidopsis (Liu et al., 2009). Taken together, these results indicate that 
FAMA and MUTE function is conserved in angiosperms, while SPCH function has 
diverged between monocots and eudicots (Liu et al., 2009). 
  Direct homologs of SPCH, MUTE, and FAMA are not found in the lycophyte  
Selaginella moellendorffii (quillwort) or the bryophyte Psycomitrella patens (moss), 
however, other Ia bHLH proteins with similar characteristics are present in both organisms 
(MacAlister and Bergmann, 2011). The two Ia bHLH proteins from Psycomitrella, 
PpSMF1 (SPCH, MUTE, FAMA) and ppSMF2, are able to perform the functions of 
SPCH, MUTE, and FAMA when transformed into Arabidopsis. Stomatal development in 
Physcomitrella is simpler than in higher plants: an epidermal cell divides asymmetrically 
to produce a GMC, eliminating the meristemoid intermediate, possibly explaining the lack 
of SPCH activity. Overexpression of PpSMF1 and ppSMF2 using the CaMV 35S 
promoter and an estrogen inducible system in Arabidopsis phenocopies the SPCH, MUTE, 
and FAMA overexpression phenotypes (MacAlister and Bergmann, 2011). Neither 
PpSMF1 or PpSMF2 were able to rescue the Arabidopsis spch phenotype, but PpSMF1 
was able to partially rescue the phenotypes of Arabidopsis mute and fama (MacAlister and 
Bergmann, 2011).  
Transcriptional Regulation in Arabidopsis 
 Transcription in plants requires recruitment of RNA polymerase and general 
transcription factors (GTFs) to assemble at a gene's core promoter. The core promoter 
encompasses approximately 50 base pairs (bp) up- and downstream of a gene's 
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transcriptional start site (TSS). Within the core promoter of genes transcribed by RNA 
polymerase II (pol II) are one or more binding sites for GTFs. For example, the TATA 
box, which is present in approximately 30% of genes transcribed by pol II in both plants 
and animals, including MUTE (Yamamoto et al., 2009, Sandelin et al., 2007), is bound by 
the TATA Binding Protein (TBP), a subunit of the TFIID complex. TFIID is also 
comprised of 10 or more TBP-Associated Factors (TAFs) that recognize other core 
elements (Reviewed in Thomas and Chiang, 2006). Once TFIID binds a core promoter, it 
serves as a scaffold for other GTFs and pol II, forming the preinitation complex (PIC). 
Basal transcription in vivo can be achieved with only pol II and several GTFs, however, 
robust, tissue-specific gene expression requires gene-specific TFs to regulate the assembly 
of the PIC. 
 Unlike GTFs, which are necessary for transcription by pol II, gene-specific TFs 
regulate select target genes. Gene-specific TFs bind to specific sequences with regulatory 
regions. In Arabidopsis, this region is usually located 1-2 kb 5' of the TSS, although they 
can also be found in the first intron, 3' UTR, or in distant parts of the genome. In plants, 
tissue-specific expression can be achieved with only a short (250-600 bp) sequence of 
promoter driving expression. For example, the 286 bp region upstream of the 
transcriptional start site of the Oryza sativa gene, OSIPP3, directs pollen-specific GUS 
expression in Arabidopsis (Khurana and Kathuria, 2012) The promoter for TOO MANY 
MOUTHS, a leucine-rich repeat containing receptor-like protein involved in stomatal 
patterning, is able to drive meristemoid- and guard cell-specific expression with the 511 
bp region upstream of the translational start site (Nadeau and Sack, 2002). 
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 TFs are organized into families based on the sequence similarity of the DNA 
binding domains. Members of TF families usually bind similar DNA promoter sequences, 
or cis-elements. For example, bHLH TFs generally recognize the consensus sequence 
CANNTG. Promoters contain various TF consensus sequences, but directed mutation of 
one or several key cis-elements is often able to knockdown or knockout the promoter's 
activity (Eini et al., 2013). For example, a single bp mutation in a C-repeat element 
located 263 bp upstream of the TSS of the wheat TdCor410b gene decreased the 
promoter’s activity to the same basal level as the negative control (Eini et al., 2013).  
 Gene-specific transcription factors affect transcription in several different 
ways. They can directly interact with general cofactors or corepressors to promote 
assembly of the PIC. Corepressors are often able to repress PIC formation in the absence 
of promoter-bound activator TFs (Hengartner et al., 1998). TFs can also recruit chromatin 
remodeling complexes and other proteins to induce epigenetic changes that silence or 
activate genes. For example, Arabidopsis BRCA-ASSOCIATED RING DOMAIN 1 
(BARD1) protein is recruited to the WUSCHEL (WUS) promoter and interacts with the 
ATPase domain of SPLAYED, a SWI/SNF chromatin remodeling factor that binds a 
similar region of the WUS promoter (Han et al., 2008, Kwon et al., 2005). Other roles of 
TFs include bending and looping DNA, repression or recruitment of other TFs, and 
mediating pol II carboxy-terminal domain phosphorylation, DNA methylation, and histone 
modifications (Yadon et al., 2013; Wang et al., 2013; Dangwal et al., 2013). 
 Stomatal development is used as a model for studying cell-fate determination 
because of the various and morphologically distinct cell-type transitions involved. 
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Division patterns are easily tracked on the epidermis and molecular markers are available 
that identify each major cell type. Meristemoids are able to renew themselves after each 
asymmetric division, similar to stem cells in the root and shoot apical meristems. 
However, unlike true stem cells, meristemoids only renew themselves up to four times 
before terminally differentiating (Geisler et al., 2000). MUTE triggers this transition and 
controls the cell decision to divide or differentiate. Determining how MUTE expression is 
regulated will improve our understanding the mechanisms that drive cell-fate 
determination in plants. The goal of this research is to characterize functional elements in 
the MUTE promoter and identify regulatory proteins that may bind to those elements. 
 The present study was performed to determine a region of the MUTE promoter that 
is necessary for meristemoid-specific expression. Promoter function was determined by 
assaying the expression of a visual marker gene, GREEN FLUORESCENT PROTEIN 
(GFP), driven by successively truncated versions of the MUTE promoter. The MUTE 
promoter retains its full activity down to the first 500 bp upstream of the translational start 
site. A 66 bp region of the regulatory region which promotes MUTE transcription was 
used as bait in a protein pull-down assay and putative promoter-binding proteins were 
identified by polyacrylamide gel electrophoresis and mass spectrometry. Detailed 
characterization of knockout lines from several potential mute promoter binding proteins 
was performed to determine if their loss-of-function affects stomatal density or 






Figure 1. Diagram of Stomatal Development A) Early in development, protodermal cells 
(light green)adopt either pavement cell identity or enter the stomatal lineage, becoming a 
meristemoid mother cell (MMC, light blue). An MMC undergoes an asymmetric “entry” 
division creating a larger stomatal lineage ground cell (SLGC) and a smaller meristemoid 
(dark blue). SLGCs can either differentiate to an epidermal pavement cell or execute 
another asymmetric “spacing” division, creating another meristemoid spaced away from 
the existing one. Meristemoids can undergo several more asymmetric “amplifying” 
divisions before differentiating into a guard mother cell (GMC, red). GMCs divide 
symmetrically once and differentiate into two guard cells (GCs, dark green), creating a 
mature stomata. Diagram from Pillitteri and Torii, 2012. B) spch, mute, and fama have 
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distinct phenotypes. The epidermis of spch plants consists solely of pavement cells. 
Meristemoids form in mute, but undergo excess asymmetric divisions and fail to 
differentiate to GMCs. In fama, GMCs divide excessively, causing caterpillar-like tumors, 




























Arabidopsis Genome Initiative. Analysis of the genome sequence of the flowering plant 
Arabidopsis thaliana. Nature 408, 796–815 (2000). 
 
Barbieri, G. et al. Stomatal density and metabolic determinants mediate salt stress 
adaptation and water use efficiency in basil (Ocimum basilicum L.). J. Plant Physiol. 169, 
1737–1746 (2012). 
 
Boudolf, V. et al. B1-type cyclin-dependent kinases are essential for the formation of 
stomatal complexes in Arabidopsis thaliana. Plant Cell 16, 945–955 (2004). 
 
Chinnusamy, V. et al. ICE1: a regulator of cold-induced transcriptome and freezing 
tolerance in Arabidopsis. Genes Dev. 17, 1043–1054 (2003). 
 
Coupe, S. A. et al. Systemic signalling of environmental cues in Arabidopsis leaves. J. 
Exp. Bot. 57, 329–341 (2006). 
 
Dangwal, M., Malik, G., Kapoor, S. & Kapoor, M. De Novo Methyltransferase, OsDRM2, 
Interacts with the ATP-Dependent RNA Helicase, OseIF4A, in Rice. J. Mol. Biol. 425, 
2853–2866 (2013). 
 
Eini, O. et al. Complex regulation by Apetala2 domain-containing transcription factors 
revealed through analysis of the stress-responsive TdCor410b promoter from durum 
wheat. PLoS ONE 8, e58713 (2013). 
 
Ferré-D’Amaré, A. R., Pognonec, P., Roeder, R. G. & Burley, S. K. Structure and function 
of the b/HLH/Z domain of USF. EMBO J. 13, 180–189 (1994). 
 
Galatis, B. & Mitrakos, K. On the differential divisions and preprophase microtubule 
bands involved in the development of stomata of Vigna sinensis L. J. Cell. Sci. 37, 11–37 
(1979). 
 
Geisler, M., Nadeau, J. & Sack, F. D. Oriented asymmetric divisions that generate the 
stomatal spacing pattern in arabidopsis are disrupted by the too many mouths mutation. 
Plant Cell 12, 2075–2086 (2000). 
 
Hara, K., Kajita, R., Torii, K. U., Bergmann, D. C. & Kakimoto, T. The secretory peptide 
gene EPF1 enforces the stomatal one-cell-spacing rule. Genes Dev. 21, 1720–1725 (2007). 
 
Heisler, M. G., Atkinson, A., Bylstra, Y. H., Walsh, R. & Smyth, D. R. SPATULA, a gene 
that controls development of carpel margin tissues in Arabidopsis, encodes a bHLH 
protein. Development 128, 1089–1098 (2001). 
 
Hengartner, C. J. et al. Temporal regulation of RNA polymerase II by Srb10 and Kin28 
 
15 
cyclin-dependent kinases. Mol. Cell 2, 43–53 (1998). 
 
Jones RJ, Mansfield TA. Increases in the diffusion resistances of leaves in a carbon 
dioxide-enriched atmosphere. J Exp Bot. 1970;21:951–958. 
 
Kagan, M. L. & Sachs, T. Development of immature stomata: evidence for epigenetic 
selection of a spacing pattern. Dev. Biol. 146, 100–105 (1991). 
 
Kanaoka, M. M. et al. SCREAM/ICE1 and SCREAM2 specify three cell-state transitional 
steps leading to arabidopsis stomatal differentiation. Plant Cell 20, 1775–1785 (2008). 
 
Khurana, R., Kathuria, H., Mukhopadhyay, A., Kapoor, S. & Tyagi, A. K. A 286 bp 
upstream regulatory region of a rice anther-specific gene, OSIPP3, confers pollen-specific 
expression in Arabidopsis. Biotechnol. Lett. 35, 455–462 (2013). 
 
Lampard, G. R., Macalister, C. A. & Bergmann, D. C. Arabidopsis stomatal initiation is 
controlled by MAPK-mediated regulation of the bHLH SPEECHLESS. Science 322, 
1113–1116 (2008). 
 
Leivar, P. et al. The Arabidopsis phytochrome-interacting factor PIF7, together with PIF3 
and PIF4, regulates responses to prolonged red light by modulating phyB levels. Plant 
Cell 20, 337–352 (2008). 
 
Levchenko, V., Konrad, K. R., Dietrich, P., Roelfsema, M. R. G. & Hedrich, R. Cytosolic 
abscisic acid activates guard cell anion channels without preceding Ca2+ signals. Proc. 
Natl. Acad. Sci. U.S.A. 102, 4203–4208 (2005). 
 
Liu, T., Ohashi-Ito, K. & Bergmann, D. C. Orthologs of Arabidopsis thaliana stomatal 
bHLH genes and regulation of stomatal development in grasses. Development 136, 2265–
2276 (2009). 
 
MacAlister, C. A. & Bergmann, D. C. Sequence and function of basic helix-loop-helix 
proteins required for stomatal development in Arabidopsis are deeply conserved in land 
plants. Evol. Dev. 13, 182–192 (2011). 
 
MacAlister, C. A., Ohashi-Ito, K. & Bergmann, D. C. Transcription factor control of 
asymmetric cell divisions that establish the stomatal lineage. Nature 445, 537–540 (2007). 
 
Menand, B. et al. An ancient mechanism controls the development of cells with a rooting 
function in land plants. Science 316, 1477–1480 (2007). 
 
Molkentin, J. D. & Olson, E. N. Combinatorial control of muscle development by basic 





Murre, C. et al. Interactions between heterologous helix-loop-helix proteins generate 
complexes that bind specifically to a common DNA sequence. Cell 58, 537–544 (1989). 
Nadeau, J. A. & Sack, F. D. Control of stomatal distribution on the Arabidopsis leaf 
surface. Science 296, 1697–1700 (2002). 
 
Nadeau, J. A. & Sack, F. D. Control of stomatal distribution on the Arabidopsis leaf 
surface. Science 296, 1697–1700 (2002). 
 
Ohashi-Ito, K. & Bergmann, D. C. Arabidopsis FAMA controls the final 
proliferation/differentiation switch during stomatal development. Plant Cell 18, 2493–
2505 (2006). 
 
Pillitteri, L. J., Bogenschutz, N. L. & Torii, K. U. The bHLH protein, MUTE, controls 
differentiation of stomata and the hydathode pore in Arabidopsis. Plant Cell Physiol. 49, 
934–943 (2008). 
 
Pillitteri, L. J., Sloan, D. B., Bogenschutz, N. L. & Torii, K. U. Termination of asymmetric 
cell division and differentiation of stomata. Nature 445, 501–505 (2007). 
 
Pillitteri, L. J. & Torii, K. U. Breaking the silence: three bHLH proteins direct cell-fate 
decisions during stomatal development. Bioessays 29, 861–870 (2007). 
 
Pires, N. & Dolan, L. Origin and diversification of basic-helix-loop-helix proteins in 
plants. Mol. Biol. Evol. 27, 862–874 (2010). 
 
Poffenroth, M., Green, D. B. & Tallman, G. Sugar Concentrations in Guard Cells of Vicia 
faba Illuminated with Red or Blue Light : Analysis by High Performance Liquid 
Chromatography. Plant Physiol. 98, 1460–1471 (1992). 
 
Salisbury EJ. 1927. On the causes and ecological significance of stomatal frequency, with 
special reference to the woodland flora. Philosophical Transactions of the Royal Society of 
London, Series B 8:216:1-65 
 
Sandelin, A. et al. Mammalian RNA polymerase II core promoters: insights from genome-
wide studies. Nat. Rev. Genet. 8, 424–436 (2007). 
 
Sharkey, T. D. & Raschke, K. Effect of Light Quality on Stomatal Opening in Leaves of 
Xanthium strumarium L. Plant Physiol. 68, 1170–1174 (1981). 
 
Shpak, E. D., McAbee, J. M., Pillitteri, L. J. & Torii, K. U. Stomatal patterning and 
differentiation by synergistic interactions of receptor kinases. Science 309, 290–293 
(2005). 
 
Tallman, G. The chemiosmotic model of stomatal opening revisisted. Crit. Rev. Plant Sci. 




Thomas, M. C. & Chiang, C.-M. The general transcription machinery and general 
cofactors. Crit. Rev. Biochem. Mol. Biol. 41, 105–178 (2006). 
 
Ticha I. 1982. Photosynthetic characteristics during ontogenesis of leaves 7. Stomata 
density and sizes. Photosynthetica  16:375-471 
 
Toledo-Ortiz, G., Huq, E. & Quail, P. H. The Arabidopsis basic/helix-loop-helix 
transcription factor family. Plant Cell 15, 1749–1770 (2003). 
 
Wang, Y., Shankar, S. R., Kher, D., Ling, B. M. T. & Taneja, R. Sumoylation of the basic 
helix-loop-helix transcription factor sharp-1 regulates recruitment of the histone 
methyltransferase G9a and function in myogenesis. J. Biol. Chem. 288, 17654–17662 
(2013). 
 
Winston, R. L., Ehley, J. A., Baird, E. E., Dervan, P. B. & Gottesfeld, J. M. Asymmetric 
DNA binding by a homodimeric bHLH protein. Biochemistry 39, 9092–9098 (2000). 
 
Woodward FI 1987. Stomatal numbers are sensitive to increases in CO2 from pre-
industrial levels. Nature 327:617-618. 
 
Yamamoto, Y. Y. et al. Heterogeneity of Arabidopsis core promoters revealed by high-
density TSS analysis. Plant J. 60, 350–362 (2009). 
 
Yadon, A. N. & Tsukiyama, T. DNA looping-dependent targeting of a chromatin 















MATERIALS AND METHODS 
 
Generation of MUTE promoter ::GFP fusion constructs. 
 MUTE promoter fragments were created by PCR using the template LJP220, 
which contains the first 1,953 bp of the MUTE promoter upstream of the translational start 
site. Primers used in PCR include the MUTE-1.rc reverse primer in combination with  
MUTE-443, MUTE-469, or MUTE-500  forward primers (Table 1). PCR was carried out 
in 20 μL reaction volumes with 1X Primestar Buffer (Takara, Japan), 2 mM dNTPs, 5 mM 
of each primer, 12 ng LJP220, 0.25 µL high-fidelity Primestar DNA Polymerase (Takara). 
Thermocylcer conditions were 98° C for 10 seconds, 56° C for 5 seconds, and 72° C for 
30 seconds for 28 cycles. The resulting amplicons were cloned directly into the pENTR 
TOPO-D vector (Invitrogen, USA) using the TOPO Directional Cloning Kit (Invitrogen) 
according to manufacturer's instructions. Briefly, 2 μL of PCR product, 1 μL salt solution, 
2.2 μL dH2O, and 0.8 μL TOPO vector were combined and incubated at room temperature 
overnight,  creating LJP319, LJP320, and LJP321, containing the first 443 bp, 469 bp, and 
500 bp of the MUTE promoter, respectively. 
Generation of GT-2 Element ::GFP fusion constructs 
 Complimentary pairs of synthetic oligonucleotides, GT-2 Sense and GT-2 
Antisense, were purchased from Oligomer (Fisher Scientific, USA). These 
oligonucleotides were reverse complement copies of eachother that contained three 
tandem repeats of the GT-2 element (CACACGCGGTAATTAAGAACA) sequence (Table 
1). The oligonucleotides were designed to anneal and produce a BamHI (GATC) or EcoRI 
(AATT) 5‘ overhang at either end. The oligonucleotides were individually resuspended in 
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millipure H2O to 100 mM and combined to a concentration of 10mM each in TE (100 mM 
Tris-HCl and 10 mM EDTA (pH 8.0) and heated for 2 minutes at 95° C. The solution was 
incubated at room temperature for 5 minutes to allow annealing and stored at 4° C until 
use.  
 The annealed oligonucleotides with BamHI and EcoRI ends were cloned into 
LJP312, which is a modified pENTR vector (Invitrogen) containing a multiple cloning site 
upstream of a 46 bp CaMV minimal promoter. 500 ng of LJP312 was digested with 
BamHI and EcoRI (New England BioLabs Inc., USA) according to manufacturer’s 
instructions. Digested LJP312 was run on a 1% agarose gel in TAE (40 mM Tris acetate, 1 
mM EDTA) buffer and purified using the UltraClean Gel DNA Extraction kit (MolBio, 
Canada) according to manufacturer’s recommendations. The yield of digested plasmid 
was estimated by comparing 1 μL of purified plasmid to 10 μL of HiLo ladder on an 
agarose gel in TAE buffer.  
 The annealed oligonucleotides were ligated into BamHI and EcoRI-digested 
LJP312 in a reaction containing 150 ng LJP312, 10uM annealed oligonucleotides, 1X T4 
Ligase Buffer, and 0.6 μL T4 Ligase (New England Biolabs Inc.) at 4° C overnight. The 
resulting vector, AFW102, was transformed into DH5α E. coli using the standard heat 
shock method described below and plated on selective LB media (1% tryptone, 0.5% yeast 
extract, 1% NaCl, 15% agar) supplemented with kanamycin (50 µg/mL). Successful 
transformants were confirmed by PCR using M13 forward and M13 reverse primers 





Generation of a Site-Directed Mutagenized GT-2 Element::GFP construct  
 The protocol for production of site-directed mutagenesis vectors was adapted from 
Heckman and Pease (2007). A forward primer, GT-2 mutant, was designed to be 
complimentary to the base pairs immediately surrounding the GT-2 promoter element, but 
contained mismatched bases within the element (Table 1). Partial, mutagenized MUTE 
promoters were generated by PCR using LJP220 as the template DNA. Forward and 
reverse primers were, GT-2 mutant and MUTE-1.rc , respectively (Table 1). The PCR was 
carried out with Primestar DNA polymerase with the same conditions as stated above in 
"Generation of MUTE promoter ::GFP fusion constructs". 
 The amplicon was cloned directly into the pENTR TOPO-D vector (Invitrogen) 
using the TOPO Directional Cloning Kit (Invitrogen) according to manufacturer's 
instructions. Briefly, 2 μL of PCR product, 1 μL salt solution, 2.2 μL dH2O, and 0.8 μL 
TOPO vector were combined and incubated at room temperature overnight. The resulting 
vector, AFW105, was transformed into chemically competent DH5α E. coli using standard 
heat shock method (described below) and plated on selective LB media supplemented 
with kanamycin (50 µg/mL). Positive transformants were confirmed with PCR using the 
primers MUTE-411 and MUTE-1.rc (Table 1). LJP220 was used as a positive control. 
Cloning MUTE-Promoter Fragments into GFP Expression Vector    
 Cloning of promoter fragments into GFP reporter constructs were done using 
Gateway technology (Invitrogen). GWB4 was used as the destination vector, which 
contains a recombination site upstream of the full length GFP coding sequence (Fig. 2; 
Nakagawa et al., 2007). Gateway recombination reactions were done according to 
manufacturer's instructions. Briefly, 100 ng of LJP319, 320, 321, AFW102 or AFW105 
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plasmids were combined with 100 ng of GWB4, 2µL of Gateway LR Clonase II enzyme 
(Invitrogen) and TE buffer (100 mM Tris-HCl and 10 mM EDTA (pH 8.0) to a total 
volume of 10 µL. Reactions were incubated for at least 2 hours at room temperature. 
Following incubation, 1 µL of Proteinase K solution was added and incubated at 37° C for 
10 minutes. 2 µL of the Clonase reaction was added to 200 μL DH5α E. coli cells and 
transformed using standard heat shock method. Cells were plated onto selective LB media 
containing kanamycin (50 µg/mL) and hygromycin (50 µg/mL) and grown at 37° C for 18 
hours. The resulting vectors were LJP322, LJP323 and LJP324, which contained the -443, 
469 and 500 bp of the MUTE promoter, respectively, driving GFP. AFW107, containing 
tandem repeats of the GT-2 element and the 35S minimal promoter driving GFP. AFW109, 
containing a fully functional fragment of the MUTE promoter with a mutation in the GT-2 
element driving GFP (Fig. 3). 
Electroporation of Agrobacterium tumefaciens 
 100 ng of LJP322, LJP323, LJP324, AFW107 or AFW109 was combined with 50 
µL of competent A. tumefaciens GV3101 cells and immediately transferred to a chilled 0.1 
mm electroporation cuvette (BioRad, CA, USA). The solution was briefly electroporated 
using the BioRad Gene Pulser II and Pulse Controller II at 200 Ohms, 1.5 Volts, and 25 
farads. 1 mL of ice-cold SOC media was immediately added and the electroporated cells 
were transferred to a 1.5 mL tube and shaken at 30° C and 250 rpm for 1 hour. 100 µl of 
cell solution was plated on selective LB media containing kanamycin (50 µg/mL) and 
hygromycin (50 µg/mL) and incubated for 2 days at 30° C. 
Transformation of GFP Expression Constructs into A. thaliana  
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 The floral dip protocol was adapted from Clough and Bent (1998). A. tumefaciens 
carrying either LJP322, LJP323, LJP324, AFW102 or AFW105 were grown in 5mL 
selective LB media with kanamycin (50 µg/ mL) and hygromycin (50 µg/ mL) for 18-24 
hours at 30° C and 250 rpm. 1-2 mL of the overnight culture was transferred to 500 mL of 
the same media and grown at the same conditions for 18-24 hours. The culture was 
centrifuged at 5,200 rpm at 4° C for 20 minutes. The supernatant was decanted and the 
cells were resuspended in 500 mL of transformation solution (5% sucrose, 1X Gamborg's 
salts (Caisson Labs Inc., USA), and 50 µL Silwet per liter ). Resuspended cells were 
transferred to a broad container the inflorescences were dipped into the solution for 3-5 
seconds. Dipped plants were transferred to a tray covered with clear plastic wrap to 
maintain humidity and left out of direct sunlight for 24 hours before being transferred to 
the standard growth conditions.  
Arabidopsis thaliana Growth Conditions 
 The Arabidopsis thaliana Columbia (Col) ecotype was used as the wild type. 
Insertion lines were obtained from the ABRC (Ohio State University). Seeds were 
sterilized in a bleach solution (33% bleach and 0.05% Tween-20) for 15 minutes and 
washed four times with sterile water. Seeds were then plated on selective 1X Murashige 
and Skoog (Caisson Labs Inc.) media and left at 4° C for 2 days. Plates were transferred to 
standard growth conditions (16-h day/8-h night, 21° C) for 14 days. Plants were 
transferred to soil 14 days after germination. 
Heat-Shock Transformation of E. coli DH5α 
 2 μL of plasmid DNA (~100 ng) was added to 200 μL DH5α chemically competent 
cells in a 1.5 mL tube and incubated for 3 minutes on ice. The mixture was heated for 60 
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seconds at 42° C and immediately placed on ice for 2 minutes. 800 μL SOC media was 
added and the mixture and incubated for 1 hour at 37°C and 250 rpm. After incubation, the 
tubes were centrifuged at 8,000 rpm for 1 minute. 800 μL of supernatant was removed and 
the cells were resuspended in the remaining 200µl of supernatant. 100 μL of the cell 
solution were plated on LB plates containing selective antibiotics and incubated for 18-24 
hours at 37° C.  
Total Protein Extraction  
 500 mg of leaf tissue from 14-day old wild type seedlings was flash frozen in 
liquid nitrogen, ground to a fine powder and mixed with 0.5 mL CelLytic P + and 1:100 
dilution of Plant Protease Inhibitor (Sigma-Aldrich, USA). Plant tissue was transferred to 
a 1.5 mL tube and centrifuged for 10 minutes at 12,000 rpm. The supernatant was 
transferred to a new 1.5 mL tube and stored at -80°C until use. 
Dynabead Preparation and DNA-Protein Binding Assay  
 Complementary pairs of synthetic oligonucleotides, BiotinF and BiotinR, were 
created with a 5' biotin label on the sense-strand olgionucleotide (Table 2). The 
oligonucleotide contained the sequence representing the nucleotides bewteen -506 bp 
region -440 bp of the MUTE promoter. Stock solutions of the complimentary 
oligonucleotides were resuspended in millipure H2O to 1 μg/ml. 1 μg of each 
oligonucleotide combined in TE buffer, 0.2mM NaCl and annealed by heating to 96° C for 
5 minutes, then incubating at room temperature for 40 minutes and stored at -20° C until 
use.  
 100 μL of streptavadin-labeled Dynabeads (Invitrogen) were prepared for 
incubation with the biotinylated oligonucleotides according to manufacturer’s instructions. 
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The Dynabeads were washed 2 times by precipitation with a magnet for 2 minutes and 
aspiration of supernatant, then resuspended in 100 μL of 1X BW buffer (10 mM Tris-HCl 
(pH 7.5), 1 mM EDTA, 2 M NaCl). The Dynabeads were likewise washed a third time but 
resuspended in 200 μL 2X BW buffer. 200 μL of annealed biotinylated oligonucleotides 
were added to the washed Dynabeads and mixed at room temperature for 15 minutes. 
After incubation, the Dynabeads were washed 3 times by magnetic precipitation, 
aspiration of supernatant, and resuspension in 100 μL BW buffer.  
Incubation of DNA-Dynabead complex and total protein extract 
 60 μL of total protein extract was added to the DNA-Dynabeads complex and 
incubated for 30 minutes at room temperature. After incubation, a magnet was applied for 
two minutes to pull the Dynabeads and all associated molecules out of solution then the 
supernatant was removed, then the beads were resuspended in 100 μL of 1X binding 
buffer. The decanting and washing was repeated twice, but on the final wash, the beads 
were suspended in 30 μL 1X binding buffer. The solution was heated at 70° C for 5 
minutes to release the proteins from the DNA-Dynabead complex. A magnet was applied 
for two minutes to remove the beads from solution, then the supernatant was extracted and 
stored at -20° C until further use. Proteins were separated by SDS-polyacrylamide gel 
electrophoresis. The gel was stained with Imperial Protein Stain (Thermo Scientific, MA, 
USA) overnight. The entire gel was sent to Institute for Systems Biology (Seattle, WA) for 
mass spectrometry. 
Confirmation of Insertion-Mutagenized A. thaliana lines 
 A. thaliana lines carrying T-DNA insertions in genes identified in the pulldown 
assay were obtained from the ABRC (Ohio State University) (Table 6). The presence of 
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the insertion was verified using PCR (Fig. 4, Tables 3,4). Primer pairs were designed 
flanking each insertion. Two PCR reactions were required to confirm each line: one with a 
flanking primer and the LBAI or LBb1.3 primer, and another with both flanking primers 
(Table 3). The first PCR detects a T-DNA-insertion allele and the second detects a wild-
type allele. Table 4 shows the primers for each locus and its corresponding T-DNA primer. 
Isolation of Genomic DNA from A. thaliana 
 Genomic DNA was isolated from 14-day old plants. One leaf was pulverized using 
a hand pestle in 200 μL DNA extraction buffer (200 mM Tris-HCl (pH 7.5), 250 uM NaCl, 
25 uM EDTA, 0.5% SDS) then centrifuged at 8,000 rpm for 1 minute. 150 μL of 
supernatant was removed and mixed with 150 μL isopropanol and incubated at room 
temperature for 5 minutes. The solution was centrifuged at 12,000 rpm for 1 minute and 
all supernatant was removed. The tube was centrifuged again at 12,000 rpm for 1 minute 
and the remaining supernatant was aspirated. The DNA pellet was rinsed with 750 μL 70% 
ethanol, inverted for 45 minutes until dry, and resuspended in 100 μL millipure H20 and 
stored at 4° C until use. 
Phenotypic Analysis of Insertion-Mutagenized A. thaliana Lines 
 Mutant seeds were sterilized then left at 4° C for 24 hours and plated on Murashige 
and Skoog agar media. The fifth leaf of 14 DAG plants was stored in 9:1 ethanol:acetic 
acid indefinitely. For stomatal index quantification, leaves were gradually diluted to 10% 
ethanol in water in 10% increments every 30 minutes. Leaves were mounted in 5% chloral 
hydrate in 50% glycerol and allowed to completely clear. Four pictures were taken of the 
abaxial side of the leaf at 400X and the stomatal index was calculated by dividing the 




 For images of GFP activity of MUTE promoter constructs, the youngest leaf from 
17-day old plants was removed and mounted in water. GFP fluorescence  and bright field 
images were taken using a Leica DMRB microscope with a SPOT RT3 camera. SPOT 
Basic imaging software was used for image capture. The camera software settings were: 
500 millisecond exposure, 1.25 gamma, and 2 gain. The bright field images were captured 
with the same exposure and gamma, but 1 gain.  
 Using ImageJ (http://rsbweb.nih.gov/ij/), the colored fluorescent image was split 
into red, green, and blue channels. Red and blue channels were reduced to zero. Green 
channel brightness range was modified to 0-255 to sharpen the GFP signal. The bright 
field image was sharpened and the brightness and contrast modified to enhance cell 



































Figure 2. GFP fusion vector schematic. Diagram of Gateway destination vector, GWB4, 
adapted from Nakagawa et al., 2007 into which the MUTE promoter fragments were 
cloned. Promoter fragments from the entry vector, D-TOPO (Invitrogen)were recombined 
with GWB4 using a Clonase enzyme reaction (Invitrogen). Promoter fragments were 
cloned between the attL1 and attL2 sites directly upstream of sGFP. The resulting plasmid 
contained a promoter fragment driving sGFP. Everything between the RB and LB sites 
was transferred to the genome of transgenic plants. This vector confers kanamycin 















Figure 4. Schematic for Genotyping Transfer DNA (T-DNA)-Mutagenized Plants. A) 
Schematic diagram of a gene with a T-DNA insert. Two sets of primers are used for 
genotyping. One set bind to regions within the coding region and flank the insert (Forward 
and Reverse Primer). The second set includes one of the coding region primers and 
another that is  complementary to the left-border of the T-DNA insert. B) Example of the 
predicted banding patterns for PCR genotyping. Two PCR reactions are required to 
determine the genotype of a plant. First, the forward and reverse primers are used together  
to determine if any wild-type alleles are present. Second, either the forward or reverse 
primer and the T-DNA primer are used in combination to detect the presence of the T-
DNA insert. Due to the size of the insert, homozygous plants for the T-DNA insert will 
not create a PCR product with the forward and reverse primers.  Het, heterozygous plant; 










































Table 4. Genotyping Primers for Confirming T-DNA-Insertion-Mutagenized Plants. 
Genotyping Primers Sequence 5'-3' T-DNA Primer 
ZNF6F GCTAATCCTGAGATACATCC LBA1 
ZNF6R CTATGTCATCATCTTCTACAG - 
ZNF68F CCCTAATGAGGTTCTTGAAG LBA1 
ZNF68R GCATGAACAATAGAGACATACCC - 
ZNF45F CAAAACTCAACTCCGTTAATCG - 
ZNF45R CTATTCCGCATTCCGTACATC LBA1 
MYB1F AGGAAGAGAGGCTTGAGAATG LBA1 
MYB1R GACATGAGAAACATAAGGAACC - 
MYB2F GGTCAGTTGGCTGTTATAGC Sul7 and Sul9 
MYB2R GCATGAACAATAGAGACATACCC Sul7 and Sul9 
40480F TGAGGAAGCTACTGAAGGAG LBA1 
40480R GCTTTTATCCAGTAATCACATTTC - 
57450F TGGGGAAATACACGGAGATGTTGGAC - 
57450R TGAAACTGTGATGAGGTCC LBA1 
ENOLONGF GGACCCAACTCAGCAGAC - 
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The 443 to 500 bp region of the MUTE promoter is required for transcription. 
 The distance between MUTE's translational start site and closest upstream gene 
(AT3G06105) is 1,956 bp, which we refer to as the full-length promoter (Fig. 5). Previous 
reports have established that the full-length promoter driving MUTE cDNA rescues the 
mute phenotype (Pillitteri, 2007). GFP reporter analysis indicates that the MUTE promoter 
(MUTEpro-1956::GFP) is active in late-stage meristemoids, GMCs and young guard 
cells, but is absent from mature stomata. Previous work determined that GFP driven by 
the first 522 bp of the MUTE promoter (MUTEpro-522::GFP) displayed the same 
expression patterns as the full-length promoter (Mahoney, 2012), however, MUTEpro-
411::GFP reduced GFP expression to undetectable levels indicating that the region 
between 522 and 411 bp may contain essential regulatory elements required for 
transcription.  
 To more precisely identify important regulatory elements of the promoter, three 
additional GFP reporter constructs were produced and transformed into Arabidopsis. 
These additional constructs contained either 500, 469, or 443 bp of the MUTE promoter 
upstream of the GFP coding sequence. The levels of GFP were examined in at least 12 
independent transformants for each construct. GFP expression using the construct, 
MUTEpro-500::GFP, was indistinguishable from plants carrying the MUTEpro-
1956::GFP (Fig. 6, 7), where 11/12 transformants displayed qualitatively similar 
expression as the full-length promoter. MUTEpro-469::GFP had qualitatively reduced 
levels of GFP, but still retained meristemoid-specific expression; 3/12 transformants 
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retained full-length promoter activity, while 9/12 had markedly reduced, but detectable, 
GFP expression. GFP expression was undetectable in 10/13 MUTEpro-443::GFP 
transformant lines and barely observable in 3/13 lines. These results indicate that the 57 bp 
region between 500 and 443 of the MUTE promoter  contains elements that are  necessary 
for proper MUTE expression, specifically the region between 469 and 443 may contain an 
essential regulatory element responsible for meristemoid-specific expression. 
Functional investigation of cis-elements in the MUTE promoter. 
 To investigate possible regulatory elements in the region between 500 and 443 bp, 
the sequence was analyzed using the database of Plant Cis-acting Regulatory Elements, or 
PLACE (http://www.dna.affrc.go.jp/PLACE/). PLACE identifies known transcription 
factor consensus sequences within a DNA sequence. A total of 21 known elements were 
identified in this region (Table 5). A GT-2 element (GCGGTAAT, Dehesh et al., 1990) 
located 461 bp from the translational start site was chosen for mutagenesis studies because 
its targets are involved in similar physiological pathways as stomatal development. GT-2 
elements are associated with light-responsive genes, and stomatal density has been shown 
to be affected by light quality and quantity (Casson et al., 2009). A GT-2 element is also 
found in the MUTE promoter of the Arabidopsis Landsberg ecotype and Brassica Napas, 
suggesting that this element may be conserved among diverse plants. 
 To test whether the GT-2 element was necessary for MUTE promoter activity, site-
directed mutagenesis was performed within the truncated, but fully functional, 522 bp 
version of the MUTE promoter. The truncated version was used for mutagenesis because 
we had already established that MUTEpro-522::GFP  is sufficient to drive normal MUTE 
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expression. To eliminate the GT-2 binding site, the GT-2 element (GCGGTAATT) was 
changed to GCAGCCATG. The mutagenized version of the promoter was used to drive 
GFP expression (MUTEpro-522m::GFP, AFW109) in Arabidopsis. Our hypothesis was 
that if the GT-2 element was necessary for promoter function, then GFP levels would 
decrease or be absent when the element was disrupted. The GFP levels of 15 independent 
transformant lines were examined using fluorescent microscopy. No reduction in GFP 
expression was observed in 12/15 lines (Fig. 6, 7), whereas 3/15 lines showed a slight 
qualitative reduction in GFP. This indicated that the GT-2 element may be involved in 
normal MUTE promoter function, but is not solely responsible for promoter activity and 
specificity. To test whether the GT-2 element was sufficient for promoter function, a 
construct containing three tandem GT-2 elements upstream of the 35S minimal promoter 
driving GFP (GT235S::GFP, AFW107) was created. The 35S minimal promoter is 
commonly used as a foundation in plant expression constructs because it provides a site 
for general transcription factor binding, but is not transcriptionally active by itself (Benfey 
et al., 1989). Of 8 transformants examined, none displayed detectable GFP levels. From 
this data we concluded that the GT-2 element is neither necessary nor sufficient for MUTE 
promoter activity and that another element in this region may be responsible for MUTE 
expression.  
Identification of potential MUTE promoter interacting Proteins 
 The promoter deletion analysis determined that activity of the promoter is 
significantly reduced by the removal of the region between 500 and 443 bp. Based on 
these results, this approximate region was used in a protein pull-down assay to identify 
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proteins that potentially bind this sequence in vivo. MUTE promoter-binding proteins were 
isolated by incubating total protein extract from 12-day old Arabidopsis leaves with a 
biotin-labeled DNA fragment of 506 to 440 region upstream of the MUTE translational 
start site. The biotin labeled DNA fragment was bound to a magnetic bead (Dynabeads) 
carrying streptavitin. The binding between biotin and streptavidin is one of the strongest 
noncovalent interactions known (Piran and Riordan, 1990). To control for non-specific 
binding, “naked” beads with no DNA attached were used as a negative control.  
Proteins that bound in the presence of DNA were isolated and electrophoresed on a SDS- 
polyacrylamide gel. Gel fragments that contained protein were analyzed by mass 
spectrometry. In total, 295 proteins were identified (Table 6). The majority of these 
proteins had no known DNA binding potential and most likely represent non-specific 
binding by highly abundant proteins in the extract. Five proteins were chosen for further 
analysis based on their predicted unknown function or known DNA-binding domains 
(Table 7).  
 The five potential candidates include AT1G72650 (T Cell Repressor- Like 
(TRFL6), AT5G66270 (Zinc Finger (ZNF) 68), AT2G36530 (LOW EXPRESSION OF 
OSMOTICALLY RESPONSIVE GENES, LOS2), AT3G57450 (Unnamed gene), and 
AT2G40480 (Unnamed gene). Additionally, the paralogs of TRFL6, AT1G17460 
(TRFL3) and ZNF68, AT3G51180 (ZnF45) and AT1G19860 (ZNF6) were obtained in 
order to create double and triple knockout lines for TRFL6 and ZNF, respectively (Table 
7).   
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 LOS2 is both a transcriptional repressor involved in cold tolerance and an enolase 
that converts 2-phosphoglycercate to phosphoenolpyruvate (Lee et al., 2002).  LOS2 is 
ubiquitously expressed throughout the plant and functions both in the cytoplasm and the 
nucleus (Schmid et al., 2005; Winter et al., 2007). It has a high level of homology with the 
human alpha-enolase (ENO1), which is known to bind the c-myc promoter and act as a 
negative regulator of the c-myc gene (Ghosh et al, 1999). ENO1 has been shown to 
specifically bind a sequence in the c-myc promoter 
(GATCGCGCTGAGTATAAAAGCCGGTTT) (Feo et al., 2000). 
 Arabidopsis has no c-myc homolog, however, LOS2 can bind similar, but not 
identical sequences in the promoter of the zinc finger transcription factor of Arabidopsis, 
STZ/ZAT10 (Lee et al., 2002). Because LOS2 can bind alternative sequences than those 
recognized by ENO1, in animals, the potential for LOS2 binding the MUTE promoter 
remains a possibility.  
 TRFL6 is a MYB-like transcription factor. The MYB protein family is one of the 
largest in higher plants; there are approximately 339 MYB proteins in Arabidopsis (Feller 
et al., 2010). Although MYBs have been extensively studied as a family, there is little 
empirical data about TRFL6. Microarray data shows that it is expressed ubiquitously 
throughout development and is nuclear localized (Schmid et al., 2005; Winter et al., 
2007). TRFL6 belongs to a family of MYB-like proteins originally implicated in animals 
to bind telomeres (Karamysheva et al., 2004). However, in vitro analysis in plants showed 
that TRFL6 and its close paralogs lack the ability to bind plant telomeric sequences 
(Karamysheva et al., 2004). Hence, the function of TRFL6 and the DNA sequence that it 
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binds is not known. Two R2R3 MYB proteins play functionally redundant roles in 
stomatal development. FOUR LIPS (FLP) and MYB88 act to restrict the guard mother 
cell to a single, symmetric division (Lien et al., 2005). Depending on the severity of the 
mutation, flp and myb88 plants have adjacent pairs of stomata or chains of single guard 
cells, similar to fama (Lien et al., 2005). To date, no other MYBs have been implicated in 
stomatal development.  
 ZNF68 belongs to a subset of zinc finger proteins (CCCH zinc finger) 
characterized by the presence of three cysteine residues and a histidine, each separated by 
a variable number of amino acids. (C-X6-14-C-X4-5-C-X3-H (CCCH)) (Berg and Shi, 
1996). Very little is known about this gene, because it is not included on the ATH1 
microarray chip, which represents approximately 24,000 Arabidopsis genes (Affymetrix). 
Therefore it has not been characterized via microarray expression analysis. No specific 
data about ZNF68 or it’s binding site preference has been published other than a 
phylogenetic analysis of the entire family (Dong et al., 2008). CCCH proteins have been 
implicated in various aspects of development and physiology such as embryogenesis, 
germination, floral development, and salt tolerance (Li and Thomas, 1998; Kim et al., 
2008, Li et al., 2001; Sun et al., 2011). Only a few of the 68 Arabidopsis CCCH proteins 
have been functionally characterized and many of the characterized CCCH-type zinc 
finger proteins are associated with RNA cleavage or degradation by binding to RNA  (Li 
et al., 2003). However, a few have been have been reported to transcriptionally regulate 
gene expression though DNA binding (Li and Thomas, 1998; Wang et al., 2008). 
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Therefore it is reasonable to suspect that ZNF68 interacts with the MUTE promoter in 
vivo. 
 AT2G40480 and AT3G57450 have no information available other than expression 
profiles from a microarray (Schmid et al., 2005). AT2G40480 is expressed relatively 
highly in the hypocotyl and early seeds and siliques, but at low levels elsewhere (Schmid 
et al., 2005; Winter et al., 2007). However, AT2G40480 could be activated in leaves in 
response to abnormal external stimuli. AT3G57450 is highly expressed in pollen, and 
detectable at increased levels throughout leaves, roots, and seeds (Schmid et al., 2005; 
Winter et al., 2007) . It's expression in leaves overlaps temporally with MUTE.  There is a 
domain of unknown function in AT2G40480, but no predicted domains in AT3G57450 
(Arabidopsis Genome Initiative, 2000A and B). Due to the lack of data regarding their 
function, both proteins were interesting candidates for analysis of knockout phenotypes. 
Investigation of phenotypes of potential MUTE promoter binding proteins 
 We identified 295 proteins that bound a 66 bp MUTE promoter fragment in vitro. 
We chose to test five of those proteins to see if they truly bind and regulate the MUTE 
promoter in vivo. We hypothesized that mutation of a MUTE-regulating gene would alter 
MUTE expression and therefore alter stomatal development. To this end, insertional 
mutation lines of the five candidate genes were purchased from the Arabidopsis Resource 
Center. We examined whether putative loss-of-function mutations in any of these proteins 
affect stomatal production. The insertions present in the lines examined were all within the 
coding regions of each gene of interest, suggesting that they would disrupt the reading 
frame or eliminate expression from each gene. Homozygous lines of each line were 
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confirmed by PCR. For each mutant, a pair of wild-type primers were designed that flank 
the insertion site (Table 1; Fig. 5). A third primer, LBA1 or LBb1.3, was complementary 
to one border of the T-DNA insert.  
 To determine if the identified proteins affected the expression of MUTE, stomatal 
production of each line was quantified. Since MUTE activity designates a meristemoid to 
differentiate into a guard mother cell, an increase in MUTE activity should lead to an 
increase in stomata production, and vise versa. To account for changes in stomatal 
frequency, but not changes in cell size or total cell count, the stomatal index (SI) was 
calculated for each line at 14 days after germination. SI (number of stomata/total number 
of cells) is a well-established method for identifying changes in stomatal frequency  
(Rowson, 1946). Single homozygous mutants for TRFL6, ZNF68, AT2G40480, and 
AT3G57450 had no visible developmental defects (Fig. 7). Consistently, these mutants did 
not display any significant difference in SI (Table 5). The stomatal indexes were 0.127 +/- 
0.0194 for wild-type, 0.118 +/- 0.0110 for znf68, 0.118 +/- 0.0150 for trfl6, 0.109 +/- 
0.0286 for at3g57450, and 0.128 +/- 0.0134 for at2g40480 (Fig. 6).  
 One explanation for the lack of significant difference between wild type and 
mutant stomatal indexes is that these proteins are not involved in MUTE regulation. 
Alternatively, other proteins which bind at the MUTE promoter may be able to 
functionally compensate in the mutant lines.   The latter explanation may apply to TRFL6 
and ZnF68, which have one and two closely related paralogs, respectively. Knocking out 
all of the paralogs at once may yield a significant change in SI if the proteins are able to 
substitute for one another.  
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 Loss-of-function mutations in los2 produced a visible growth and stomatal 
phenotype. Homozygous recessive plants were extremely small and sterile (Fig. 7). 
Progeny from heterozygous lines segregated 1:3 indicating that this was a single loci 
insertion. Due to their small size, homozygous los2 stomatal indexes could not be 
calculated because the fifth leaf was not large enough to analyze consistently with the 
other lines. However, los2 plants did display clusters of 2-3 stomata (Fig. 6). Multiple 
stomata clusters were never observed in the wild type control plants or other mutants in 
































-1956 TGATTGCTTC AGCTGATAAG AAGATTCAAG ATAGTGGCAT GATGAACTCT CATGAAATTC  
-1896 CGGCAAGTGT CTTCAGCCCC ATGTTGGCCA AAAAAGTTGA TTGGTTTCGT GCTGTGAAGG  
-1836 ATTTTTTCTT GTGAACTATT GATGGTGAGC ACTTTGCCAT GTCCATTAGC CAATTGAAAT  
-1776 GAATGAAAAC GCAGAATTTA CATTTCCTCT GTTACTACAA TGAATATATT TTCTAGGAGG  
-1716 ATCAGTGTGA ATTTAACCAA ACCAATCCCA TACCCAAACC AGACTGAAAA TTGGTTGGTT  
-1656 TGGTTTTCGA CCCTTGCATT GAATGTTAAC CGATATCTTG ATCGAACGTG AGTTTTTTTT  
-1596 TTTTTTTTTC TTGTTTCATT GCCTTGTCGA TCAATATTGT ATATAACGTG ATAGACCATG  
-1536 AACAAATTGA ATATCGAAGT AGGAGTTAGA TTTCTTTACT CGTAATTAAA TGGGGCATGC  
-1476 ACCTTGCATG TCTTATACGT ATTGTAGCCT AACATTTGCG GCTACAAACA TTTGTCACCA  
-1416 ACATTTTCAT TCCAGCTGCT TCCACAGTTT TGGGACTTCG GAGATAATGT ATATGTGGAT  
-1356 ATGCATATAT GAACCATAAA AATAAACGTT TGTCCAAACA AAACCACAAA TAGAAGTGTT  
-1296 ATCCAAGTGG GTTTGTTTCA TAGAAAAAAT ATTGTCACTA TAGCAATTTT TTTGGTTAGG  
-1236 TTAAACCTTA TTTAATGAAG TTTGTAATAT GAATTGAGAT ATTGTTAACT TTGCAAAACA  
-1176 GAGCCGAAAT TTTACGAATA TCTCTTTATT AAAAATAAAT AATATAATTT AAGAATACTT  
-1116 CTCGGGAGGA ATCTTAATGA GCCGTCCAGG TAGCTGAACA ACTGAACTTT ATCTTTGCTC  
-1056 CAAAGGTTAT ATCAATTTAT GTTTTCTTGT AGAACCTATA TTTCATGCAA AAAGTTATCC  
-996  ATTAACCAAT GGAAATTGGT TCCGACTAGT GATCAAGGAA AATGATGGAA TCATCACGAA  
-936  TGAGAAATTT GTGGTATTAA ATGACATAGT GATTAAGGAA AACAAAAAGT TGTAATTCAA  
-876  CTACAAACTA TGTCGTAACT ATTTATATTT TGTTACTTGT CAATGTTGTC ATTTATCTTA  
-816  CAAAGTCAAT AGGATAGAAG ATGTGAAACA TAATTACACA AAAACGATGT CATATAGAAA  
-756  CATGCGAAAT CACATAATCA TTTCATCACT TCGAAATTTC GTAGATTTCC AATCAGATAC  
-696  TACCCAATAT GTTTGCTAAT AGTAAGTAGT AAAAAACATA TGTTACGCCA AAAAAAACGG  
-636  CTTTTGATGT ACTTATTTTC CTTCATCGAT CCATGAAAAC TGTAAAACAT CTCAATACAA  
-576  ACTAAACCTT TCCACCAGTA TATGTCCGAT TCAATGTTTT TTTACTTTGT GTATGTATCA  
-516  GTGTATTATC TGTTAATAAA GAGTAAAAGA AATCCATTTT TTCTTGTGAG GACACGCGGT  
-456  AATTAAGAAC AAAGAAGTGG CACAAGTGTA GAAATTAAAC TAGAAGTAAA AGAAGGTGGT  
-396  GCAAAGGCAT GCACTCTAAA TGAAAATACG ATATTGAAAT TCATAAAAGA CCTCACGCAG  
-336  TGAATGTAAA TGTAAATGTA TCCAACTTCA CAAACGTGAC GTATCTTTGT GTATGCATAC  
-276  CTTTTTCTTT ACGTTGTTCT AATACATATC GATAGTAATA AGAGAGAGAA AGAGAAAAAT  
-216  CAAGAAGAGA CAAAAGAATG TCACGAGACA GCGACATAGT GCATTTATGA ACCTTGAAAA  
-156  GAAATTCTAA ACCCTAATTA TCACTTGTTG TTGCGGCTGT ATAAATACGA CTTTGTTTTG  
-96   AAGAATGTGT CGAACAAAGT GAAAACATAA GATCATCTTC TTCGTTGATA GATCAATATA  
-36   GGAACTCCAG AAGAGAATCT TGATCAATTA AGTATC ATG  
 
Figure 5. Arabidopsis MUTE Promoter Sequence. The full-length Arabidopsis MUTE 
promoter is a 1,956 base-pair intergenic region between the MUTE translation start site 
(Italicized ATG) and 3' untranslated region of the upstream gene (AT3G06110). Bold 
letters indicate the fragment used in the protein binding assay. Bolded and underlined is 
the GT-2 element used in the site-directed mutagenesis and minimal promoter assays. 
TATA-box is underlined. Bold and italicized is the predicted transcriptional start site 
(HCtata, zeus2.itb.cnr.it/~webgene/wwwHC_tata.html). Base pair numbers are relative to 
























Table 5. Putative cis-Regulatory Elements within the 500 to 443 bp Region of the MUTE 
Promoter.  
Cis-Element Name Location* Sequence 
Abscissic Acid Response Element 
(ABRE) 
463 CACGCGG 
Arabidopsis Response Regulator (ARR1) 485 GGATT 
CACT 494 TCAT 
CGCG Box 462 ACGCGG 
DNA-Binding with One Finger (DOF) 498, 490, 445 AAAG 
bZIP Consensus Sequence 464 ACACGC 
GT1 478, 458 GTAAAA 
GT2 460 GCGCTAATT 
GTGA 470 GTGA 
NODULIN Consensus Sequence 497 CTCTT 
Pollen-Specific Motif 488, 476 AGAAA 
TAAAG 499 TAAAG 




The above cis-elements were recognized by a Database of Cis-acting Regulatory DNA 
Elements (PLACE) for the sequence 
TAAAGAGTAAAAGAAATCCATTTTTTCTTGTGAGGACACGCGGTAATTAAGAA
CAAA corresponding to the MUTE 443 to 500 bp promoter region upstream of the 
translational start site. Location values indicate the number of basepairs upsteam of the 







Table 6. Proteins Associated with MUTE Promoter Identified by Mass Spectrometry. 
Locus 
Identifier 
Predicted or known protein annotation 
AT1G04800 glycine-rich protein 
AT1G04820 TOR2 tubulin alpha-4 chain 
AT1G07920 GTP binding Elongation factor Tu family protein  
AT1G09210 CRT1b calreticulin 1b 
AT1G09640 Translation elongation factor EF1B, gamma chain 
AT1G09780 iPGAM1 Phosphoglycerate mutase 
AT1G09830 Glycinamide ribonucleotide (GAR) synthetase 
AT1G12000 Phosphofructokinase family protein 
AT1G13440 GAPC2 glyceraldehyde-3-phosphate dehydrogenase C2 
AT1G14410 WHY1  ssDNA-binding transcriptional regulator 
AT1G15340 MBD10 methyl-CPG-binding domain 10 
AT1G17460 TRF-like (TRFL) 3 
AT1G17745 PGDH D-3-phosphoglycerate dehydrogenase 
AT1G18540 Ribosomal protein L6 family protein 
AT1G20010 TUB5 tubulin beta-5 chain 
AT1G20200 PAM domain (PCI/PINT associated module) protein 
AT1G20620 CAT3 catalase 3 
AT1G20630 CAT1 catalase 1 
AT1G21750 PDI-like 1-1 
AT1G23190 PGM3  Phosphoglucomutase/phosphomannomutase family protein 
AT1G23310 GGT1 glutamate:glyoxylate aminotransferase 
AT1G24020 MLP423 MLP-like protein 423 
AT1G24510 TCP-1/cpn60 chaperonin family protein 
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AT1G25490 ARM repeat superfamily protein 
AT1G30530 UGT78D1 UDP-glucosyl transferase 78D1 
AT1G33590 Leucine-rich repeat (LRR) family protein 
AT1G35170 TRAM, LAG1 and CLN8 (TLC) lipid-sensing domain containing protein 
AT1G35580 A/N-InvG CINV1  cytosolic invertase 1 
AT1G42970 GAPB glyceraldehyde-3-phosphate dehydrogenase B subunit 
AT1G43170 RPL3A ribosomal protein 1 
AT1G48030 mitochondrial lipoamide dehydrogenase (mtLPD) 1 
AT1G48920 nucleolin like (NUC-L) 1 
AT1G50480 THFS 10-formyltetrahydrofolate synthetase 
AT1G51980 Insulinase (Peptidase family M16) protein 
AT1G52110 Mannose-binding lectin superfamily protein 
AT1G52400 BGLU18 beta glucosidase 18 
AT1G52410 TSA1 TSK-associating protein 1 
AT1G54270 EIF4A-2 
AT1G55490 LEN1 chaperonin 60 beta 
AT1G56070 LOS1 Ribosomal protein S5/Elongation factor 
AT1G56340 CRT1a calreticulin 1a 
AT1G57720 EF1B, gamma chain Translation elongation factor 
AT1G58380 XW6 Ribosomal protein S5 family protein 
AT1G61380 SD1-29 S-domain-1 29 
AT1G61580 RPL3B R-protein L3 B 
AT1G62940 ACOS5 acyl-CoA synthetase 5 
AT1G63940 MDAR6  monodehydroascorbate reductase 6 
AT1G64190 6-phosphogluconate dehydrogenase family protein 
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AT1G65570 Pectin lyase-like superfamily protein 
AT1G65590 ATHEX1 HEXO3  beta-hexosaminidase 3 
AT1G65960 GAD2  glutamate decarboxylase 2 
AT1G66250 O-Glycosyl hydrolases family 17 protein 
AT1G67090 RBCS1A  ribulose bisphosphate carboxylase small chain 1A 
AT1G70190 Ribosomal protein L7/L12 
AT1G71180 6-phosphogluconate dehydrogenase family protein 
AT1G71220 EBS1  
AT1G72330 ALAAT2  alanine aminotransferase 2 
AT1G72370 RPSAA  40s ribosomal protein SA 
AT1G72390 Spt20 
AT1G72550 tRNA synthetase beta subunit family protein 
AT1G72810 Pyridoxal-5'-phosphate-dependent enzyme family protein 
AT1G74030 ENO1  enolase 1 
AT1G74040 IPMS2 2-isopropylmalate synthase 1 
AT1G74920 ALDH10A8  aldehyde dehydrogenase 10A8 
AT1G75920 GDSL-like Lipase/Acylhydrolase superfamily protein 
AT1G75940 ATA27 BGLU20  Glycosyl hydrolase superfamily protein 
AT1G76160 SKU5 
AT1G76965 Protease inhibitor/seed storage/LTP family protein 
AT1G77510 ATPDI6 ATPDIL1-2 PDI6 PDIL1-2  PDI-like 1-2 
AT1G77590 LACS9  long chain acyl-CoA synthetase 9 
AT1G78060 Glycosyl hydrolase family protein 
AT1G78900 VHA-A  vacuolar ATP synthase subunit A 
AT1G79440 ALDH5F1 aldehyde dehydrogenase 5F1 
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AT1G79550 PGK  phosphoglycerate kinase 
AT1G79750 ATNADP-ME4 NADP-ME4  NADP-malic enzyme 4 
AT1G80460 GLI1 NHO1  Actin-like ATPase superfamily protein 
AT2G01720 Ribophorin I 
AT2G02740 ATWHY3 PTAC11 WHY3  ssDNA-binding transcriptional regulator 
AT2G05920 Subtilase family protein 
AT2G14170 ALDH6B2  aldehyde dehydrogenase  6B2 
AT2G17265 DMR1 HSK  homoserine kinase 
AT2G18020 EMB2296  Ribosomal protein L2 family 
AT2G19480 NAP1;2 NFA02 NFA2  nucleosome assembly protein 1;2 
AT2G19520 Transducin family protein / WD-40 repeat family protein 
AT2G20140 RPT2b  AAA-type ATPase family protein 
AT2G21330 FBA1  fructose-bisphosphate aldolase 1 
AT2G24200 Cytosol aminopeptidase family protein 
AT2G24270 ALDH11A3  aldehyde dehydrogenase 11A3 
AT2G24820 TIC55-II  translocon at the inner envelope membrane of chloroplasts 55-
II 
AT2G28000 CH-CPN60A 
AT2G29550 TUB7  tubulin beta-7 chain 
AT2G29630 PY THIC  thiaminC 
AT2G30570 PSBW  photosystem II reaction center W 
AT2G30950 FTSH2 VAR2  FtsH extracellular protease family 
AT2G33210 HSP60-2  heat shock protein 60-2 
AT2G36530 ENO2 LOS2  Enolase 
AT2G36880 MAT3  methionine adenosyltransferase 3 
AT2G36910 PGP1  ATP binding cassette subfamily B1 
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AT2G37040 ATPAL1 PAL1  PHE ammonia lyase 1 
AT2G37080 RIP3  ROP interactive partner 3 
AT2G37220 RNA-binding (RRM/RBD/RNP motifs) family protein 
AT2G38010 Neutral/alkaline non-lysosomal ceramidase 
AT2G39730 RCA  rubisco activase 
AT2G44100 GDI1  guanosine nucleotide diphosphate dissociation inhibitor 1 
AT2G44160 MTHFR2  methylenetetrahydrofolate reductase 2 
AT2G47240 CER8 LACS1  AMP-dependent synthetase and ligase family protein 
AT2G47940 DEGP2 EMB3117  DEGP protease 2 
AT3G02090 MPPBETA  Insulinase (Peptidase family M16) protein 
AT3G02360 6-phosphogluconate dehydrogenase family protein 
AT3G02530 TCP-1/cpn60 chaperonin family protein 
AT3G02540 Rad23 UV excision repair protein family 
AT3G03250 UGP1  UDP-Glucose phosphorylase 1 
AT3G03960 TCP-1/cpn60 chaperonin family protein TCP-1/cpn60 chaperonin family 
protein 
AT3G04840 Ribosomal protein S3Ae Ribosomal protein S3Ae Ribosomal protein 
S3Ae 
AT3G05650 AtRLP32 RLP32  receptor like protein 32 
AT3G06350 MEE32  dehydroquinate dehydratase, shikimate dehydrogenase, putative 
AT3G06480 DEAD box RNA helicase family protein 
AT3G06650 ACLB-1  ATP-citrate lyase B-1 
AT3G08590 iPGAM2  Phosphoglycerate mutase, 2,3-bisphosphoglycerate-
independent 
AT3G09440 Heat shock protein 70 (Hsp 70) family protein 
AT3G09630 Ribosomal protein L4/L1 family 
AT3G10340 PAL4  phenylalanine ammonia-lyase 4 
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AT3G11830 TCP-1/cpn60 chaperonin family protein 
AT3G12145 FLOR1 FLR1  Leucine-rich repeat (LRR) family protein 
AT3G12780 PGK1  phosphoglycerate kinase 1 
AT3G13470 Cpn60beta2  TCP-1/cpn60 chaperonin family protein 
AT3G13860 HSP60-3A  heat shock protein 60-3A 
AT3G13930 Dihydrolipoamide acetyltransferase, long form protein 
AT3G14067 Subtilase family protein 
AT3G14590 NTMC2T6.2 Calcium-dependent lipid-binding (CaLB domain) family 
protein 
AT3G14790 ATRHM3 RHM3  rhamnose biosynthesis 3 
AT3G16830 TPR2  TOPLESS-related 2 
AT3G16950 LPD1 ptlpd1  lipoamide dehydrogenase 1 
AT3G17240 mtLPD2  lipoamide dehydrogenase 2 
AT3G18890 AtTic62 Tic62  NAD(P)-binding Rossmann-fold superfamily protein 
AT3G20050 ATTCP-1 TCP-1  T-complex protein 1 alpha subunit 
AT3G21250 MRP6  multidrug resistance-associated protein 6 
AT3G21750 UGT71B1  UDP-glucosyl transferase 71B1 
AT3G22200 POP2  Pyridoxal phosphate (PLP)-dependent transferases superfamily 
protein 
AT3G22720 F-box and associated interaction domains-containing protein 
AT3G22960 PKP-ALPHA PKP1  Pyruvate kinase family protein 
AT3G23810 SAHH2  S-adenosyl-l-homocysteine (SAH) hydrolase 2 
AT3G23940 dehydratase family 
AT3G23990 HSP60 HSP60-3B  heat shock protein 60 
AT3G24170 GR1  glutathione-disulfide reductase 
AT3G25230 ROF1  rotamase FK BP 1 
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AT3G25660 Amidase family protein 
AT3G25800 PP2AA2 PR 65  protein phosphatase 2A  subunit A2 
AT3G25860 LTA2 PLE2  2-oxoacid dehydrogenases acyltransferase family protein 
AT3G26650 GAPA GAPA-1  glyceraldehyde 3-phosphate dehydrogenase A subunit 
AT3G28980 Protein of unknown function (DUF1216) 
AT3G29360 UGD2  UDP-glucose 6-dehydrogenase family protein 
AT3G45140 LOX2  lipoxygenase 2 ATLOX2 LOX2  lipoxygenase 2 
AT3G48000 ALDH2B4  aldehyde dehydrogenase 2B4 
AT3G48870 ClpC2 HSP93-III ATPase 
AT3G52930 Aldolase superfamily protein 
AT3G53260 PAL2  phenylalanine ammonia-lyase 2 
AT3G54660 EMB2360 GR  glutathione reductase 
AT3G55580 Regulator of chromosome condensation (RCC1) family protein 
AT3G55760 unknown protein 
AT3G56270 Plant protein of unknown function (DUF827) 
AT3G57450 unknown protein 
AT3G58610 ketol-acid reductoisomerase ketol-acid reductoisomerase 
AT3G59970 MTHFR1  methylenetetrahydrofolate reductase 1 
AT3G60750 Transketolase 
AT4G01050 TROL  thylakoid rhodanese-like 
AT4G01985 unknown protein 
AT4G02450 HSP20-like chaperones superfamily protein 
AT4G04950 GRXS17  thioredoxin family protein 
AT4G12730 FLA2  FASCICLIN-like arabinogalactan 2 
AT4G13430 IIL1  isopropyl malate isomerase large subunit 1 
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AT4G13930 SHM4  serine hydroxymethyltransferase 4 
AT4G13940 SAHH1  S-adenosyl-L-homocysteine hydrolase 
AT4G14030 S BP1  selenium-binding protein 1 
AT4G14080 MEE48  O-Glycosyl hydrolases family 17 protein 
AT4G14960 TUA6  Tubulin/FtsZ family protein TUA6 
AT4G14960 TUA6  Tubulin/FtsZ family protein TUA6 
AT4G15210 BAM5 BMY1 RAM1  beta-amylase 5 
AT4G16155 dihydrolipoyl dehydrogenases 
AT4G16720 Ribosomal protein L23/L15e family protein 
AT4G16760 ACX1 acyl-CoA oxidase 1 
AT4G20360 RABE1b  RAB GTPase homolog 
AT4G21150 HAP6  ribophorin II (RPN2) family protein 
AT4G21620 glycine-rich protein 
AT4G22670 HIP1 TPR11  HSP70-interacting protein 1 
AT4G23100 RML1  glutamate-cysteine ligase 
AT4G24190 HSP90.7 SHD  Chaperone protein htpG family protein 
AT4G24280 cpHsc70-1  chloroplast heat shock protein 70-1 
AT4G24830 arginosuccinate synthase family 
AT4G26110 NAP1;1  nucleosome assembly protein1;1 
AT4G29130 GIN2 HXK1  hexokinase 1 
AT4G29700 Alkaline-phosphatase-like family protein 
AT4G29840 MTO2 TS  Pyridoxal-5'-phosphate-dependent enzyme family protein 
AT4G30110 HMA2  heavy metal atpase 2 
AT4G30910 Cytosol aminopeptidase family protein 
AT4G32520 SHM3  serine hydroxymethyltransferase 3 
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AT4G34200 EDA9  D-3-phosphoglycerate dehydrogenase 
AT4G34450 coatomer gamma-2 subunit, putative 
AT4G36230 unknown protein 
AT4G37870 PCK1 PEPCK  phosphoenolpyruvate carboxykinase 1 
AT4G37910 mtHsc70-1  mitochondrial heat shock protein 70-1 
AT4G37930  HMT1 serine transhydroxymethyltransferase 
AT4G38510 ATPase, V1 complex, subunit B protein 
AT4G38630 RPN10  regulatory particle non-ATPase 10 
AT4G39330 CAD9  cinnamyl alcohol dehydrogenase 9 
AT4G39980 DHS1  3-deoxy-D-arabino-heptulosonate 7-phosphate synthase 1 
AT5G02490 Hsp70-2  Heat shock protein 70 (Hsp 70) family protein 
AT5G02500 HSP70-1  heat shock cognate protein 
AT5G02870 Ribosomal protein L4/L1 family 
AT5G04590 SIR  sulfite reductase 
AT5G04710 Zn-dependent exopeptidases superfamily protein 
AT5G05150 G18E  autophagy-related gene 18E 
AT5G07090 Ribosomal protein S4 (RPS4A) family protein 
AT5G07340 Calreticulin family protein 
AT5G08530 CI51  51 kDa subunit of complex I 
AT5G08690 ATP synthase alpha/beta family protein 
AT5G09350 PI-4KBETA2 PI4KBETA2  phosphatidylinositol 4-OH kinase beta2 
AT5G09500 Ribosomal protein S19 family protein 
AT5G09590 MTHSC70-2  mitochondrial 
AT5G09660 PMDH2  peroxisomal NAD-malate dehydrogenase 2 
AT5G09810 ACT7  actin 7 
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AT5G09820 Plastid-lipid associated protein PAP / fibrillin family protein 
AT5G09900 EMB2107 MSA RPN5A  26S proteasome regulatory subunit, putative 
(RPN5) 
AT5G11170 DEAD/DEAH box RNA helicase family protein 
AT5G11670 ATNADP-ME2 NADP-ME2  NADP-malic enzyme 2 
AT5G11700 glycine-rich protein 
AT5G13980 Glycosyl hydrolase family 38 protein 
AT5G15490 UGD3  UDP-glucose 6-dehydrogenase family protein 
AT5G17310 UDP-glucose pyrophosphorylase 2 
AT5G17380 Thiamine pyrophosphate dependent pyruvate decarboxylase family 
protein 
AT5G17920 Cobalamin-independent synthase family protein 
AT5G18220 O-Glycosyl hydrolases family 17 protein 
AT5G19130 GPI transamidase component family protein / Gaa1-like family protein 
AT5G19220 ADG2 APL1  ADP glucose pyrophosphorylase large subunit 1 
AT5G19770 TUA3  tubulin alpha-3 
AT5G20890 TCP-1/cpn60 chaperonin family protein 
AT5G20980 MS3  methionine synthase 3 
AT5G23940 PEL3  HXXXD-type acyl-transferase family protein 
AT5G25880 NADP-malic enzyme 3 
AT5G25980 BGLU37 TGG2  glucoside glucohydrolase 2 
AT5G26000 TGG1  thioglucoside glucohydrolase 1 
AT5G26360 TCP-1/cpn60 chaperonin family protein 
AT5G27380 GSH2 GSHB  glutathione synthetase 2 
AT5G28540 BIP1  heat shock protein 70 (Hsp 70) family protein 
AT5G33340 CDR1  Eukaryotic aspartyl protease family protein 
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AT5G34850 PAP26  purple acid phosphatase 26 
AT5G35360 CAC2  acetyl Co-enzyme a carboxylase biotin carboxylase subunit 
AT5G37510 CI76 EMB1467  NADH-ubiquinone dehydrogenase, mitochondrial, 
putative 
AT5G38410 Ribulose bisphosphate carboxylase (small chain) family protein 
AT5G39410 Saccharopine dehydrogenase 
AT5G39570 unknown protein 
AT5G39740 OLI7 RPL5B  ribosomal protein L5 B 
AT5G40760 G6PD6  glucose-6-phosphate dehydrogenase 6 
AT5G42020 BIP BIP2  Heat shock protein 70 (Hsp 70) family protein 
AT5G42240 scpl42  serine carboxypeptidase-like 42 
AT5G42270 FTSH5 VAR1  FtsH extracellular protease family 
AT5G44070 ARA8 ATPCS1 CAD1 PCS1  phytochelatin synthase 1 (PCS1) 
AT5G45640 Subtilisin-like serine endopeptidase family protein 
AT5G48960 HAD-superfamily hydrolase, subfamily IG, 5'-nucleotidase 
AT5G49460 ACLB-2  ATP citrate lyase subunit B 2 
AT5G49555 FAD/NAD(P)-binding oxidoreductase family protein 
AT5G49910 cpHsc70-2 HSC70-7  chloroplast heat shock protein 70-2 
AT5G50380 EXO70F1  exocyst subunit exo70 family protein F1 
AT5G51820 STF1  phosphoglucomutase 
AT5G52920 PKP2  plastidic pyruvate kinase beta subunit 1 
AT5G55230 MAP65-1  microtubule-associated proteins 65-1 
AT5G55550 RNA-binding (RRM/RBD/RNP motifs) family protein 
AT5G55730 FLA1  FASCICLIN-like arabinogalactan 1 
AT5G56010 HSP81-3 heat shock protein 81-3 
AT5G56500 Cpn60beta3  TCP-1/cpn60 chaperonin family protein 
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AT5G56680 ARATH  Class II aminoacyl-tRNA and biotin synthetases superfamily 
protein 
AT5G57655 xylose isomerase family protein 
AT5G60160 Zn-dependent exopeptidases superfamily protein 
AT5G60640 PDI-like 1-4 
AT5G60990 DEA(D/H)-box RNA helicase family protein 
AT5G61780 Tudor2  TUDOR-SN protein 2 
AT5G61790 CNX1  calnexin 1 
AT5G62190 PRH75  DEAD box RNA helicase (PRH75) 
AT5G62530 P5CDH  aldehyde dehydrogenase 12A1 
AT5G62690 TUB2  tubulin beta chain 2 
AT5G62720 Integral membrane HPP family protein 
AT5G63890 HISN8  histidinol dehydrogenase 
AT5G64460 Phosphoglycerate mutase family protein 
AT5G64570 XYL4  beta-D-xylosidase 4 
AT5G65620 Zincin-like metalloproteases family protein 
AT5G66270 Zinc finger C-x8-C-x5-C-x3-H type family protein 
AT5G67360 ARA12  Subtilase family protein 
ATCG00020 PSBA  photosystem II reaction center protein A 
ATCG00120 ATPA  ATP synthase subunit alpha ATPA  ATP synthase subunit alpha 
ATCG00280 PSBC  photosystem II reaction center protein C 
ATCG00480 ATPB PB  ATP synthase subunit beta 
ATCG00490 RBCL  ribulose-bisphosphate carboxylases 



















Plant mutant identification number refers to the ID number as registered at the 













Gene ID Name Plant Mutant ID 
AT1G76250 TRFL6 CS352283 
*AT1G17460 TRFL3 SALK_062675 
AT5G66270 ZNF68 SALK_030745 
*AT1G19860 ZNF6 SALK_093620C 
*AT3G51180 ZNF45 SALK_047385 
AT2G40480 Unknown Protein SALK_133901 
AT3G57450 Unknown Protein SALK_205584C 
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GT-2 regulatory element is not specifically required for MUTE expression 
 We identified a 57 bp region of the MUTE promoter,  that is required for proper 
expression. Specifically, our promoter deletion analysis suggested that important 
regulatory elements may lie within 500 and 443 bp of the promoter, especially between bp 
469 and 443. Database searches revealed several putative regulatory motifs within this 
region that are controlled by various environmental or biotic conditions. This study tested 
the importance of one of those elements, the GT-2 element. This element is bound by a 
plant-specific gene family or trihelix DNA-binding domain containing proteins. Because 
trihelix proteins have only been described in plants, they may be involved in plant-specific 
processes. Among known promoter elements, GT-2 is interesting with respect to stomatal 
development because it is associated with light-activated genes (Dehesh et al., 1990). 
Stomatal abundance is affected by numerous environmental factors, including light quality 
and quantity (Casson et al., 2009). The stomatal response to light could be mediated 
through interactions between trihelix transcription factors and the GT-2 element.   
 The results from this study indicate that the GT-2 element is neither sufficient nor 
necessary to drive MUTE expression, indicating that this element is not solely required for 
transcription from the MUTE promoter. However, this data cannot eliminate the 
possibility that the GT-2 element may work in conjunction with other elements in the 
promoter. Promoter regulatory elements are often repeated throughout a promoter and can 
contribute synergistically to transcription (Han et al., 2013; Ramireddy et al., 2013). It is 
possible that several elements could play a role in the temporal- and tissue-specific nature 
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of MUTE expression. To date, four of the elements in the promoter have been tested, one 
in this study and three in a previous study (Mahoney 2012). None of these have been 
shown to be specifically required for promoter activity by themselves. To determine if 
multiple elements regulate transcription synergistically, several elements must be mutated 
at the same time such as mutating the GT-2, DOF, and ABRE elements within the 500 to 
443 region of the promoter. 
 The results from the promoter deletion analysis show that the MUTE promoter is 
inactive if only the first 411 bp are present and increasing the length of promoter to 443 bp 
results in a severe reduction of  activity. However, the promoter retains its cell-specificity. 
This suggests that either meristemoid-specific transcription factors activate MUTE or that 
the MUTE promoter is only epigenetically accessible in meristemoids. For example, DNA 
methylation or histone modifications could keep MUTE repressed in all cells except 
imminently-differentiating meristemoids. Chromatin Immunoprecipation (ChIP) and 
bisulfite sequencing of the MUTE promoter would provide a better understanding of its 
epigenetic environment.   
Identification of  putative MUTE-promoter binding proteins.  
 Using a protein pull-down assay, we identified 5 potential candidates that may 
bind the MUTE promoter. These genes had either unknown function or identifiable DNA 
binding domains. To determine if these proteins affected MUTE expression, quantitative 
analysis of stomatal indices of insertional mutant lines were compared to wild-type plants. 
Four T-DNA-mutagenized lines were analyzed (los2 was excluded due to it’s size), but 
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none displayed a significant difference in stomatal index compared to wild-type, 
indicating that they were not solely responsible for regulating MUTE promoter activity.  
 The lack of stomatal phenotypes in the mutants could be due to two reasons. 1) 
The mutations do not result in the complete knock-out of the gene, or 2) functional 
redundancy among paralogs or unrelated genes. This study did not test the transcript levels 
of the genes in the mutants we analyzed, so we cannot rule out that some gene function 
remained. However, all insertion mutations used in this study were within the coding 
region of the gene, which most commonly results in a null mutation (Krysan et al., 1999). 
It is therefore unlikely that this explanation is the reason for lack of stomatal changes.  
 The second alternative is that functional redundancy among unrelated genes or 
close paralogs of the target proteins compensates for the loss of function. Functional 
redundancy among close paralogs is very common in Arabidopsis (Perez et al., 2013; 
Celesnik, 2013; Wang et al., 2013). Specifically, TRLF6 has one close paralog, TRFL3, 
which has has no known function, but is localized to the nucleus, similar to TRFL6. 
ZNF68 has two close paralogs, ZNF45 and ZNF6. Based on publically available data, both 
ZNF6 and ZNF45 transcripts are highly enriched in guard cells, which may suggest that 
they play a role in their development. Currently, double and triple mutant lines are being 
bred and future work will include the analysis of these, possibly revealing a significant 
alteration in stomatal indices due to a change of MUTE transcription.  
 To date, there is little information about the function of the two unknown proteins, 
AT3G57450 and AT2G40480. Based on their mutant phenotypes, neither protein is 
necessary for plant survival under normal conditions. Perhaps a deficiency would be 
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revealed under various environmental stresses. It is well known that stomatal indices can 
be altered under different environmental conditions (Casson and Gray, 2008; Gray et al., 
2000). It is not certain that these proteins bind DNA; AT2G40480 has a domain of 
unknown function and AT3G57450 lacks any recognizable domains (Punta et al., 2012). 
The mutant phenotypes of these genes do not suggest that they are involved in stomatal 
development. However, before they are eliminated as potential MUTE regulators, future 
work could test transcript levels to confirm that the mutant lines used in this study were 
transcriptional knockouts. 
 This study also investigated the phenotype of los2-2, which is an insertional 
mutant line. This plant has an obvious dwarfed phenotype (Fig. 8) and is sterile. While its 
stomatal index could not be calculated because of its small size at the time of leaf 
collection, homozygous mutants showed a unique phenotype of stomatal clusters up to 3 
stomata. LOS2 is a bifunctional enolase originally discovered in a chemical mutagenesis 
screen for cold-responsive genes (Lee et al., 2002). It contains a functional enolase 
domain which converts 2-phosphoglycerate to phosphoenolpyruvate in the glycolytic 
pathway and a DNA repression domain that can bind to the promoter of Salt Tolerance 
Zinc Finger (STZ)/Zinc Finger Protein (ZAT)10, a transcriptional repressor involved in 
osmotic and salinity stress (Lee et al., 2002; Mittler et al., 2006). The original los2 mutant 
(los2-1) contains a point mutation near the DNA repression domain and only shows a 
stunted growth phenotype in response to cold treatments. Previously published data 
indicates that los2-1 is not a transcriptional knockout (Lee et al, 2002), so it is likely that 
the mutation in los2-1 only affects specific aspects of LOS2 function. In contrast, los2-2 is 
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a presumed null mutant based on the presence of the insertion and likely disrupts all 
functions of LOS2 resulting in the severe phenotype under normal conditions, not only 
cold temperature conditions.   
 Similar to LOS2, the bHLH transcription factor, SCRM, was also originally 
identified as an inducer of cold-responsive genes (Chinnusamy et al, 2003). Although 
unlike SCRM, which is a transcriptional activator, LOS2 plays a role as a transcriptional 
repressor. As mentioned earlier, the loss of SCRM and SCRM2 function results in fewer 
stomata being formed. Based on LOS2 function in other processes and consistent with our 
results, we would predict that loss of LOS2 function would cause an increase in stomata 
production.  
 The stomatal clusters in los2-2 suggest that the mechanisms that repress entry into 
the stomatal lineage in cells adjacent to stomata are impaired. Normally when a 
meristemoid executes an asymmetric division, the smaller daughter cell retains 
meristemoid identity and the larger cell exits the stomatal lineage. The clusters of stomata 
in los2 suggest that both daughter cells retain meristemoid identity and continue along the 
stomatal development pathway. This phenotype is consistent with the hypothesis that 
LOS2 transcriptionally represses MUTE by binding its promoter, as an increase in MUTE 
causes increased entry into the stomatal lineage (Pillitteri et al., 2007). Ordinarily, LOS2 
represses MUTE in the larger daughter cell after a meristemoids asymmetric division (Fig. 




 In summary, I have demonstrated that the 443 to 500 bp region upstream of the 
MUTE translational start site is required for transcriptional activity. A GT-2 element 
within this region is not necessary nor sufficient for transcription, but may act 
synergistically with other elements within the promoter. Stomatal development of null 
mutants of five genes whose proteins bound the 440 to 506 bp fragment of the MUTE 
promoter in vitro were calculated. None of these mutants analyzed had a significant 
difference in stomatal index compared to wild-type. However, TRFL6 and ZNF68 may 
have redundant paralogs that compensate for the loss of function. The mutants may also 
show a deficient response to environmental stress. los2 plants had clusters of 2-3 stomata, 
indicating a possible misregulation of MUTE. Our data suggests that LOS2 represses 
MUTE in cells adjacent to stomata. Further studies such as a chromatin 
immunoprecipitation or electromobility-shift assay are needed to confirm the interaction 













Figure 10. Potential Mechanism for LOS2 Repression of MUTE. Under normal 
circumstances, signaling molecules from meristemoids are perceived by neighboring cells, 
resulting in LOS2 expression and, consequently, MUTE repression. In los2, the 
neighboring cells still perceive the signal, but the absence of LOS2 allows MUTE to be 
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